INTRODUCTION
Recently, it has become apparent that the swimming abilities of marine fish larvae, at least those of perciform species, are considerable (Leis 2006) . As they approach the settlement stage, larvae of many species can swim at speeds similar to those of the ambient currents in which they conduct the pelagic portion of their life history (Fisher 2005) . This capacity provides larvae with the ability to strongly influence their dispersal trajectories. Therefore, knowledge of the swimming abilities of larvae is of more than academic interest as ABSTRACT: During the pelagic larval phase of teleost fishes, the larvae are subject to dispersal by currents. Dispersal trajectories can be substantially modified if the larvae have sufficient swimming abilities, so it is important to document how swimming ability develops during the pelagic larval phase. We used reared larvae (4 to 29 mm standard length) from commercial aquaculture farms in Taiwan to measure the development of swimming ability (critical speed, U crit ) in larvae of 9 species (from 7 families) of Indo-Pacific coral reef and coastal fishes that hatch from pelagic eggs: Trachinotus blochii (Carangidae -jacks), Chanos chanos (Chanidae -milkfish), Platax teira (Ephippidaebatfishes), Leiognathus equulus (Leiognathidae -ponyfishes), Lutjanus malabaricus (Lutjanidaesnappers), Eleutheronema tetradactylum (Polynemidae -threadfins), and Epinephelus coioides, E. fuscoguttatus and E. malabaricus (Serranidae -groupers). Mean critical swimming speeds increased from < 5 cm s -1 in the smallest larvae to a maximum of 47 cm s -1 in settlement stage larvae, with the increase in speed by the time of settlement ranging from 6-to 100-fold. Increase in swimming speed was more strongly correlated with size of larvae (R 2 = 0.38 to 0.93, p < 0.005) than with age (correlation with age was absent in 3 species and explained 10 to 43% less variation than did size in the others). The relationship between speed and size was linear. In 6 species (T. blochii, C. chanos, L. malabaricus and the 3 Epinephelus species) speed increased at a rate of 2.1 to 2.6 cm s -1 for each 1 mm increase in size. Three species (P. teira, L. equulus and E. tetradactylum) had a significantly slower rate of increase of 1.3 to 1.7 cm s -1 for each 1 mm increase in size. On average, the best performers in each 1 mm size increment were 1.5 to 7.3 cm s -1 faster than mean performers, depending on species. Throughout development the vast majority of mean length-specific speeds were 10 to 20 body lengths (BL) s -1 , and length-specific speed increased significantly with size in 6 species. Maximum length-specific speeds for each species reached 18 to 31 BL s -1
. Although the ontogeny of swimming speed varies among species of tropical marine fishes, over similar size ranges, larvae that hatch from pelagic eggs have swimming abilities similar to those reported for larvae that hatch from demersal eggs.
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Resale or republication not permitted without written consent of the publisher numerical biophysical models require good measures of swimming ability if they are to realistically predict dispersal outcomes (Cowen et al. 2006 , Leis 2007 .
Most recent estimates of swimming ability of marine fish larvae have been made with a laboratory method called critical speed (U crit ) (Brett 1964 ) that uses a raceway and incremental increases in speed until the larvae can no longer maintain position (Stobutzki & Bellwood 1994 , Fisher et al. 2000 , 2005 , Fisher 2005 , Leis & Fisher 2006) . The U crit is a convenient standard method of measuring potential swimming ability and is, therefore, ideal for comparing the performance of different species or developmental stages of fish. Measurements of U crit are now available for the larvae of a wide variety of mostly tropical, perciform fish species. However, the vast majority of these data are only from the late settlement-stage larvae of these species (Fisher 2005 , Leis & Fisher 2006 , whereas biophysical dispersal models require information on swimming ability throughout the pelagic larval phase (Leis 2007) . At present, U crit data across a wide range of developmental stages are available for only 8 species of 6 families of marine fishes (Fisher et al. 2000 , Leis et al. 2006a ): 2 coral-reef pomacentrids, one coral-reef apogonid, one reef-associated carangid, 2 warm-temperate sparids, a warm-temperate sciaenid and a warm-temperate estuarine percicithyid. In addition, Fisher (2005) presented 'normalised' larval swimming speed data on 2 other pomacentrids and an apogonid, and although these had performance similar to their confamilials, the actual speed-at-age data were not included). The pomacentrids and apogonids are small fishes that spawn non-pelagic eggs, whereas the other 5 species consist of moderate to large fishes that spawn pelagic eggs. In all these species, larvae settle at a relatively small size (8 to 13 mm standard length, except the pelagic carangid, which does not settle) and have relatively direct development with few larval specializations (Neira et al. 1998 , Leis & Carson-Ewart 2004 . As valuable as these data are, the vast diversity of marine teleost fishes is not well represented by these 8 species, and many of the families of most interest to ecologists and managers are not included.
We sought to expand the taxonomic coverage of ontogenetic U crit data by studying a number of marine species common in the aquaculture industry in Taiwan (Yu 2002) . Working from the National Museum of Marine Biology and Aquarium (NMMBA, Pingtung, Taiwan), we were able to obtain quantitative data on the ontogenetic increase in swimming ability of 9 species in 7 families (Table 1, Fig. 1 ). These include species from a variety of habitats and of considerable commercial and ecological interest. None of the genera we studied here, and only one of the families, had previously been studied in this manner. This more than doubles the species for which the ontogeny of U crit swimming performance in the larvae is known and extends such measurements to species that settle at sizes up to ca. 25 mm standard length (SL). The species studied here (Table 1, Fig. 1 Bagarinao (1991) , Doi et al. (1991) , Kohno et al. (1993) , Leu et al. (2005) , Australian Museum fish database and authors' unpublished data. N is number of specimens for which U crit was measured (and the number in parentheses for which age was known). Cohorts refers to the number of separate groups of larvae studied; d = no. of days during which U crit was measured. nd = no data available chanid and polynemid species have relatively direct development with few larval morphological specializations, whereas the ephippidid, leiognathid, lutjanid and serranid species have highly specialized larvae with morphologies that differ substantially from the settled juveniles. Similarly, the size at which the larvae leave the pelagic environment varies from about 12-13 mm (Chanidae) to about 20-25 mm (Polymenidae, Lutjanidae, Serranidae). The goals of this study were to measure the development of swimming ability (defined as U crit ) across a range of species, families and early life history stages of tropical fishes, and to compare the patterns of swimming development among these and other taxa for which similar data were available. We sought to characterize the ontogeny of swimming in these species (for example, to determine if the increase in speed with size was essentially linear, as has been determined in other species) and to make this information available to investigators who increasingly are including larval behaviour in dispersal models.
MATERIALS AND METHODS
Larvae were obtained from commercial aquaculture farms in the vicinity of Kaohsiung, southern Taiwan, in May 2004 and in May and June 2005 . Rearing conditions varied with species, but most were reared in outdoor concrete or earth ponds. Exceptions were Epinephelus spp., which were reared in indoor concrete tanks, and Chanos chanos and some Eleutheronema tetradactylum, which were reared in outdoor concrete tanks under shade cloth. The aquaculturists we dealt with did not maintain breeding stock, but obtained eggs for rearing from elsewhere. The larvae we obtained from the aquaculturists were placed in oxygenated plastic bags and transported about 1 h by road to the laboratory at NMMBA. In the laboratory the larvae were acclimated in 40 l aquaria filled from the NMMBA seawater system. Each aquarium was fitted with an aerator and kept at ca. 25°C. Twice daily, the larvae were fed with live, newly hatched brine shrimp Artemia nauplii and 50% of the total volume of water was exchanged with fresh seawater. The aquaria were cleaned daily by suctioning debris off the bottom. Growth rates were estimated for the larvae in the culture ponds and also during the time larvae were held at NMMBA. In some cases, reliable age estimates for larvae were not available, and in others, age estimates were imprecise. Therefore, growth rate estimates for larvae from the culture ponds were less reliable than those from the laboratory. Growth in the culture pond was estimated by assuming that the larvae were 2 mm long at hatching and had linear growth, and using the size of larvae on the day we obtained them and the age provided by the aquaculturist. Growth during the time the larvae were held at NMMBA was estimated from the slope of the age versus size regression over that time. Growth estimates were obtained for 6 of the 9 species from the culture ponds; those excluded were Trachinotus blochii, Platax teira and Epinephelus fuscoguttatus. Growth estimates at NMMBA were obtained for 5 of those 6 species; Chanos chanos was excluded.
Reported sizes of larvae are SL in mm. Ages are reported as days after hatch (dah) based on the age reported by the aquaculturist when the larvae were obtained. The nomenclature of early life history stages of fishes is complex, with many different systems of terminology and no consensus on the most appropriate. Depending on the nomenclature used, the individuals we studied (Fig. 1 ) would be considered larvae or juveniles, or a mixture of both. We do not attempt to distinguish between larvae and juveniles. To avoid awkward phrasing and for simplicity we refer to the young fish under study here as larvae, but acknowledge that some terminologies might refer to them by other labels. In the species studied, notochord flexion was complete at about 4 to 6 mm, depending on species. Therefore, in Chanos chanos, Eleutheronema tetradactylum and Epinephelus fuscoguttatus, all individuals studied were postflexion. In Leiognathus equulus, Lutjanus malabaricus, Platax teira and Trachinotus blochii, the smallest individuals were flexion stage larvae. In Epinephelus coioides and E. malabaricus, the smallest larvae were preflexion stage. The size of the smallest specimens tested was dictated either by the smallest available from the aquaculturists during May and June in Taiwan, or the smallest that we could work with in the swimming chamber. The largest specimens of most species were approximately settlement size. Exceptions were P. teira and T. blochii for which the largest available larvae were 11 and 6 mm, respectively. In the latter, settlement does not take place as the adults are pelagic.
Multilane swimming chambers were used to measure swimming abilities (Stobutzki & Bellwood 1994) . The chambers were made of clear Perspex with 6 laneways, each 30 mm wide, 50 mm high and 180 mm long. A black line across the lid of the chamber provided the larvae with a point of reference while swimming. Aside from the fine mesh (0.5 mm) ends, the chamber design was identical to that of Stobutzki & Bellwood (1994 and they were the same chambers used by Clark et al. (2005) and Leis et al. (2006a,b) .
The chambers were plumbed into the seawater system at NMMBA, which provided a continual flow of 'fresh' seawater. Even distribution of flow was achieved by a T-piece diffuser placed in the header portion of the chamber. Turbulence in the chamber was minimised by a 40 mm long section of flow straighteners at the start of each laneway. This also minimised possible boundary layers. Previous measurements have shown that water velocity in the 5 mm closest to the wall was not significantly different to that in the centre of the chamber (Stobutzki & Bellwood 1997 , Stobutzki 1998 , Fisher et al. 2000 . Water flow speed was controlled by turning a calibrated valve. Flow rates were calibrated by recording the time taken for water flowing over the chamber's outlet weir to fill a container of known volume, divided by the cross-sectional area of the chamber. The average of 5 calibrations was used as the flow speed for a given valve angle. The chambers were calibrated several times over the course of the study. Flow speeds in excess of 50 cm s -1 could be achieved with this system, but due to vagaries of the seawater system and differences in how the swim chambers were plumbed in the 2 yr, the maximum flow was less on some occasions, and some larvae were able to swim faster than the chamber maximum on some occasions (see later discussion of how data from such 'outswimmers' were treated).
Larvae were acclimated to any differences in water quality between holding tank and swim chamber by gradual addition of seawater from the swimming chamber system. Larvae were placed in a chamber lane and allowed to acclimate for 5 min at 1 cm s -1
. Any larva showing signs of stress during the acclimation period was removed and replaced with another individual. Water temperature in the swimming chamber ranged from 27 to 31°C, the ambient temperature in the ocean off southern Taiwan at that time of year.
We measured U crit , which quantifies maximum swimming speed over periods of minutes. Starting at 1.5 cm s -1 flow, speed was increased at a target increment of 2 to 3 cm s -1 every 5 min until the larvae were unable to swim against the flow. Due to vagaries in the seawater system and differences in the plumbing leading to the swim chambers used during 2004 and 2005, the actual range in speed increment steps was 1.6 to 3.7 cm s -1 when all 6 laneways of the swimming chamber were in use. To achieve a flow speed fast enough to reach U crit for the larger stages of 3 species, 3 laneways of the swim chamber were closed and the system recalibrated. In this case, the speed increment steps were 5.3 to 5.4 cm s -1 . The time elapsed at the point when each larva drifted into the downstream mesh (t in the equation below) was recorded. Critical speed (U crit ) of larvae was calculated following Brett (1964) :
where U = penultimate speed, U i = speed increment (normally ca. 2 cm s -1 ), t = time swum in the final speed increment, and t i = the time interval for each velocity increment (5 min). The total time for a critical speed measurement was proportional to the U crit achieved and varied from 0.5 min for the smallest slowest individuals (i.e. unable to achieve 1.5 cm s -1 ) to 75 min for the larger fastest individuals. Given the swimming endurance these larvae are capable of (hours to days; J. M. Leis unpubl. data) and that for other warmwater species (Fisher et al. 2000 , Leis et al. 2006a , it is unlikely that the larvae would have become fatigued over such time intervals. Comparisons have shown that varying the time increment (t i ) and speed increment (U i ), which results in variations in the time over which the full U crit test takes place, has little effect on the resultant U crit value .
Fatigued larvae were removed from the chamber, euthanized and fixed in Bouin's solution for 1 h, then transferred into 70% alcohol and stored. All preserved larvae were later examined under a dissecting microscope to determine SL and stage of development. These specimens are archived in the Fish Collection of the Australian Museum, Sydney (under registration stations AMS I.43864 and I.43865).
A total of 13 individual larvae of 2 species (Lutjanus malabaricus and Epinephelus malabaricus) could maintain position at the highest speed that the chamber could produce in some situations. The true U crit of these outswimmers was underestimated by an unknown amount. For this reason, their data were not included in the regression analysis but were noted (see Fig. 2 ).
To determine the best predictor of performance, values of critical swimming speed and endurance were regressed against SL using linear, power and exponential models. The linear model provided the best fit for 5 species. In the other 4 species, the R 2 of the linear model was within 0.03 to 0.07 of the R 2 of the best fit (power) model, and the 2 regression lines were very similar (i.e. the power curve was nearly linear). Therefore, we report here only the linear relationships, although the power and exponential relationships are provided in Appendix 1. Age versus U crit relationships were also calculated, but these provided a much poorer fit than did the size versus U crit relationships. Because age and SL are related, we performed another analysis whereby we regressed SL against age for individuals for which we had both variables. The residuals from this analysis (the variation in size that was not due to age, i.e. variation in growth) and SL were used as independent variables in a multiple linear regression against U crit . This analysis could be done for 7 species and allowed an assessment of the relative importance of size and growth rate on swimming performance. In each case, only SL had a significant influence on U crit . The results of these analyses are not included, but they further confirm the superiority of size as a predictor of swimming performance.
In addition to average performance, we also report the speed of the best performers at different sizes. This was done because the best performers may not only have the most influence on dispersal outcomes, but they may be the individuals most likely to survive the extremely high mortality of the larval stage (GrorundColvert & Sponaugle 2006).
To study larvae from a wide variety of sizes and stages of development, we either obtained multiple cohorts from aquaculturists or kept larvae in the NMMBA laboratory while they grew. Thus, for all species the U crit data were collected from more than one day (although the same larvae were never measured more than once), and for most species from more than one cohort of larvae (Table 1) . We attempted to ensure that the size ranges of larvae tested on different days overlapped as much as possible, but overlap was not always achieved. Although there were never enough measurements from different cohorts or days to formally test to see if inclusion of data from different cohorts or days introduced additional variance, there was some evidence that it did so (e.g. omission of measurements from one day might result in an increase in overall R 2 ). However, as there was no basis for determining which cohorts or days provided the most representative data, they are all included in our analysis.
RESULTS
We obtained rough growth estimates of 2 types. Growth rates for larvae in the culture ponds were 0.08 to 0.72 mm d -1 for 6 species with a mean of 0.30 mm d . As expected, U crit increased with increasing size of the larvae in each species (Table 2, Fig. 2 ), although in most cases the variation in speed at any size was large. The speed versus size relationships were linear or approximately so; the slopes were significantly different from zero and, with one exception (Trachinotus blochii, in which only larvae of 4 to 6 mm were available), explained at least 49% of the variation in speed. The rate of increase in speed ranged from 1.31 to 2.64 cm s -1 for each 1 mm increase in size. The increase in speed from the smallest larvae studied to settlement stage larvae ranged from 6-to 100-fold, depending on species.
In general, size was a much better predictor of U crit than was age (Table 2) . No age estimate was available for the Epinephelus fuscoguttatus larvae, and for most species, an age estimate was not available for all individuals tested. Of the 8 species for which some age data were available, 5 had a significant relationship between age and U crit , but in 7 of the 8 species, the relationship explained considerably less of the variation in U crit than did size (10 to 82% less overall and 10 to 43% in species with a significant age:U crit relationship; Table 2 ). In the exceptional species, E. malabaricus, 90% of the variation was explained by both relationships. Growth rates in aquaculture environments are unlikely to be representative of those in the wild, so these speed versus age relationships should be used with caution.
To determine whether the slopes of the regressions of U crit on size differed among species, an analysis of covariance (ANCOVA) was performed with U crit as the dependent variable, species as a fixed factor and size as the co-variate. ANCOVA revealed a significant interaction between species and size (factor × co-variate; F (8,372) = 6.440, p < 0.0001) indicating that the slopes of the various regressions of U crit on size were not homogenous; i.e. the influence of size on U crit differed among species. Examination of the regression slopes and their 95% confidence limits ( cus). When these groups were analysed separately, neither group had a significant interaction between species and size (for slope > 2: F (5,182) = 0.86, p = 0.51; for slope < 2: F (2,190) = 1.27, p = 0.28) indicating that regression slopes did not differ among species within the groups. An ANCOVA on these 2 groups with slope (> 2 or < 2) as the factor confirmed that regression slopes differed significantly between the 2 groups (F (1,372) = 30.96, p < 0.001).
Mean speeds expressed in terms of body lengths (BL) (length-specific U crit ) ranged from 9.8 to 23.5 BL s -1 ( ). Six of the 9 species had significant linear relationships between length-specific speed and SL (p < 0.05, R 2 = 0.07-0.90 depending on species; Table 2 ), confirming an increase in lengthspecific U crit with increase in size. In every species, the amount of variation in length-specific U crit explained by the linear relationships was less than for U crit , although the difference ranged from 4 to 60%.
For each species, within each 1 mm increment of size for which U crit values for at least 2 individuals were obtained, the speed of the fastest individual was compared with the mean speed to quantify the difference between best performers and average performers. Depending on species, the best performers averaged 1.5 to 7.3 cm s -1 faster than did mean performers (Table 3) , but with some individuals swimming as much as 15 cm s -1 faster than the species mean. A significant relationship between size and the difference between best and mean performance was evident only in Leiognathus equulus larvae, where the difference between best and mean speed increased at a rate of 0.65 cm s -1 per mm increase in size (speed difference = 0.65[SL]+ 0.77, p = 0.014, R 2 = 0.468). It is likely that within a species, the magnitude of the difference recorded between mean and best performance is positively correlated with the number of individuals measured. Thus, the 'best performance' we report is likely to be an underestimate of the true best performance within the population of larvae.
DISCUSSION
The chief advantage of using U crit to investigate the ontogeny of swimming performance in fish larvae is the ability to compare swimming speed among developmental stages and among species. In the larvae of the 9 species we examined, U crit increased rapidly with increase in size and the rate of increase varied among species. Further, the absolute magnitude of the increase from the smallest larvae to settlement size varied greatly among species. Variation in U crit at any size was high, as has been found also in previous studies of both reared and wild larvae (Fisher et al. 2000 , 2005 , Leis et al. 2006a .
Morphology undoubtedly influences swimming speed . The larvae tested here had 4 basic morphologies ( Fig. 1): (1) clupeid-like, i.e. very elongate with a long, straight gut along the ventral edge (Chanos chanos); (2) generalized perciform, i.e. moderate depth, laterally compressed, with a compact gut (Trachinotus blochii, Leiognathus equulus, Eleutheronema tetradactylum); (3) generalized perciform morphology, but with very elongate spines in dorsal and pelvic fins (Epinephelus spp., Lutjanus malabaricus); and (4) rotund, i.e. head and trunk deep and broad with a small, compressed tail (Platax teira).
The smallest (6 to 7 mm, SL) Chanos chanos larvae (clupeid-like morphology) were slower than similarsized generalized perciform larvae. However, C. chanos larvae increased in speed rapidly with increase in size, so that by 13 mm (settlement size) their U crit was similar to those of both the generalized perciforms and the perciforms with elongate fin spines. The rotund species (Platax teira) and 2 of the generalized perciform species (Leiognathus equulus, Eleutheronema tetradactylum) had similar initial performance and rate of increase in U crit . Over the narrow range of sizes for which we had data, Trachinotus blochii, the third generalized perciform species, had the best swimming performance, with the fastest U crit values at 4 mm SL and a rate of increase in U crit with increase in size that was among the highest we measured in this . N is the number of 1 mm size increments for which more than 1 individual was measured. The mean and greatest differences in U crit are across all 1 mm size increments. Epinephelus malabaricus is omitted due to insufficient number of size increments with more than 1 individual study. The swimming performance of T. blochii is similar to that of another carangid, Caranx ignobilis (Fig. 3) . The 3 Epinephelus species were initially slow swimmers, with very low U crit values until reaching about 7 to 8 mm SL, but speed improved rapidly after that and they were among the fastest swimming larvae at settlement size. The initially poor swimming performance of the Epinephelus larvae was probably related to the very long, robust, bony spines of their dorsal and pelvic fins (more than half the length of the body). These large defensive spines are probably an impediment to swimming, and small larvae of these species may have a behaviour in relation to predators and prey that relies on stealth and deception rather than speed or manoeuvrability (Moser 1981) . In these 3 Epinephelus species, the fin spines reach a maximum relative length (50 to 70% of SL) at about 5 to 6 mm, approximately the same size that notochord flexion and concomitant caudal fin formation are underway (Doi et al. 1991 , Kohno et al. 1993 , Leu et al. 2005 . At slightly larger sizes, when the relative size of the fin spines is decreasing and the caudal fin is fully formed, meaningful swimming ability begins to be displayed. From this, it seems likely that the smallest Epinephelus larvae (< 8 mm) will have limited ability to directly influence dispersal outcomes. Given the similarity in the ontogeny of U crit among these 3 species and the fact that their morphology is similar to that of other epinephelin serranid larvae (Baldwin et al. 2004 ), this conclusion can be expected to apply to larvae of other epinephelin serranid species (i.e. sea basses and groupers). Pooling data for the 3 Epinephelus species results in a strong relationship (U crit = 2.815[SL] -7.960, R 2 = 0.91, p < 0.0001) that may be useful for other epinephelin species.
Larvae of the lutjanid Lutjanus malabaricus also have elongate spines in dorsal and pelvic fins (20 to 35% of SL), although not as long as in the Epinephelus spp. However, the smallest L. malabaricus larvae we tested were 2 mm larger than the smallest Epinephelus larvae. Although it is not clear if both have limited swimming abilities when very small, at the smallest size they have in common in this study (5 mm SL), the U crit values of the 2 genera were similar (Fig. 2) . Larvae of the genera Lutjanus and Epinephelus had similar increases in U crit with size over the common size range.
Our results indicate that from relatively early in development (the smallest sizes tested in all but the 3 Epinephelus species, and from about 7 to 8 mm in those species), the larvae of the species we studied were able to swim at speeds that placed them outside of the strictly viscous hydrodynamic environment (i.e. Reynolds number > 300) and fast enough to influence dispersal outcomes (Leis 2006) . At tropical temperatures, larvae that swim at 10 to 20 BL s -1 will have Reynolds numbers > 300 from 4 to 5 mm SL (Leis 2006) , and this includes most of the species considered here. The speeds of the larvae we studied were overwhelmingly in the range of 10 to 20 BL s -1 and all species were capable of 10 cm s -1 before settlement. A current speed of 10 cm s -1 is typical in many coastal environments (Fisher 2005) , which means that the larvae of these species are capable of swimming faster than average current speeds (i.e. are 'effective swimmers'; sensu Leis & Stobutzki 1999) well before settlement in many locations. Heuristic modelling indicates that speeds as low as 1 to 5 cm s -1 can influence dispersal outcomes (Leis 2006) . Based on extrapolation of the speed versus size relationships from our U crit measurements, average speeds of 1 cm s -1 can be attained by the species studied at 1.8 to 6.7 mm SL, and larvae 1.5 to 2.5 mm larger can attain speeds of 5 cm s -1 . Extrapolation of these relationships to larvae smaller than 5 to 6 mm is somewhat dubious as in most of these species such small larvae would not have completed notochord flexion, and different speed versus size relationships may apply before the caudal fin is formed. It is Pomacentrus amboinensis (Pomacentridae), Amphiprion melanopus (Pomacentridae) and Sphaeramia nematoptera (Apogonidae) from Fisher et al. (2000) ; Argyrosomus japonicus (Sciaenidae), Pagrus auratus (Sparidae), Acanthopagrus australis (Sparidae) and Macquaria novemaculeata (Percichthyidae) from Clark et al. (2005) ; Caranx ignobilis (Carangidae) from Leis et al. (2006a) . Species represented by symbols of the same shape are in the same family. The pomacentrids and apogonid hatch from non-pelagic eggs, whereas the sciaenid, sparids and the percicithyid hatch from pelagic eggs. The size versus speed relationships of the 9 study species from the present paper are provided in this same format in Appendix 2 clear, however, that small larvae can achieve speeds that are meaningful in the context of dispersal. The fastest larvae were able to swim considerably faster than mean performance at any size. This means these exceptional larvae (i.e. best performers) achieve a given swimming speed at smaller sizes, and at any size will have a greater potential to influence dispersal outcomes. Therefore, this variance in size should be taken into account when developing biophysical models of larval fish dispersal. Such models would be an ideal means of examining the dispersal implications of exceptional swimming performance. Further, several lines of evidence indicate that it may be the exceptional rather than average individuals that survive the very high mortality rates during the pelagic larval period (Leis 2007) . Although growth has been most often studied in this respect, exceptional swimming ability may also lead to increased survival, and it is possible that exceptional rather than average performance is the appropriate metric for biophysical dispersal models.
Although U crit is sometimes referred to as a measure of sustainable speed (e.g. Stobutzki & Bellwood 1994), U crit is, in fact, measured over only short periods (i.e. minutes) and is technically a measure of prolonged swimming speed (as distinct from both burst speed and sustainable speed; Plaut 2001). The U crit is best thought of as a measure of potential performance. It is unlikely that larvae in the sea actually swim at their U crit speed for sustained periods, so U crit is not a realistic measure of performance in the sea (Leis 2006) . However, there are indications that U crit can be used to predict larval swimming performance in the sea. Fisher & Wilson (2004) concluded that a speed of about one-half of U crit was sustainable over periods of 24 h, and empirical evidence shows that larvae in the sea actually swim (i.e. in situ speed; Leis & Carson-Ewart 1997) at about 30 to 50% of U crit (Leis & Fisher 2006 , Leis et al. 2006a ,b, 2007 . This is important because measurement of U crit in the laboratory is much easier and more efficient than measuring in situ swimming in the sea. Further, it is possible to work with much smaller larvae in the laboratory than in the sea; therefore, to the extent that the relationships between U crit and in situ speed can be extrapolated to smaller larvae, laboratory testing allows the possibility of obtaining realistic estimates of swimming speed in the sea for much smaller larvae.
Because swimming performance of reared larvae may not be representative of performance of wild larvae, it is important to compare performance of wild and reared larvae where possible (Leis 2006) . Unfortunately, our ability to make such comparisons was constrained by limited data on swimming performance in wild larvae. The only comparisons that could be made between our reared larvae and wild larvae of the same or closely related species are for settlement stage larvae of the lutjanids and serranids; no U crit data are available for wild larvae of the other families or for other developmental stages. (SE = 0.9 to 5.4) . Over the size range of 21 to 26 mm SL, reared L. malabaricus larvae had average U crit values predicted by the regression equation (Table 2 ) of 38 to 51 cm s -1 (and measured SE = 1.4 to 2.9); this performance is equivalent to the wild larvae of the other 4 Lutjanus species. Epinephelus and Plectropomus are closely related genera of the same serranid tribe and their settlement stage larvae are morphologically similar (Leis 1986 ). Settlement stage P. leopardus larvae (17 mm SL) had an average U crit of 31.5 cm s -1 (SE = 3.2) , whereas 17 mm SL larvae of the 3 Epinephelus spp. had average U crit values of 27 to 33 cm s -1 (SE = 1.3 to 3.3). Thus, U crit values in the 2 serranid genera are equivalent. Therefore, to the extent that we could compare U crit performance of wild and reared larvae, the values were essentially identical in terms of both mean and variation.
There was no indication that growth rates of the reared larvae were substantially different from those of wild larvae. This is an issue because it is desirable that reared larvae are as similar as possible to wild larvae to help ensure that their behaviours are equivalent. With the exception of Chanos chanos, essentially nothing is known about growth rates of wild larvae of any of the species we studied. Growth estimates for wild and reared C. chanos larvae appear similar; wild larvae of C. chanos between 5 and 14 mm SL were estimated to grow at 0.5 mm d -1 (Bagarinao 1991) , and in the Taiwanese aquaculture farms, larvae of C. chanos grew at 0.37 mm d -1
. Growth rates of reared larvae of the other species in our study (0.08 to 0.72 mm d -1 ) were within the range of mean values reported for wild marine fish larvae (Benoit et al. 2000 , Meekan et al. 2003 , indicating that they do not differ from wild larvae in this respect.
Obtaining larvae from the aquaculture industry has several advantages, most notably that we neither had to maintain the extensive infrastructure necessary for rearing marine fish larvae nor develop the species-specific methods required to obtain optimal survival and growth in captivity. Working in Taiwan, where a wide variety of species is under culture, was also advantageous (Yu 2002) . Disadvantages include the sometimes vague information we received on larval ages and the lack of control over availability of species or develop-mental stages. For example, Taiwanese aquaculturists were reluctant to provide Epinephelus larvae in the middle stages of development (ca. 6 to 10 mm), stating that larvae were particularly fragile at these stages and that the disturbance required to capture larvae for us would be detrimental to larvae remaining in the culture pond. This influenced the size range available to us of some of the study species.
Although the patterns of ontogeny of swimming varied among species studied here, the variation was within relatively narrow bounds. The 9 species considered here generally swam at between 10 and 20 BL s -1 throughout their larval development and regardless of size. This is in agreement with results on other tropical and warm-temperate marine fish species (Fig. 3) . The 8 other species for which data on ontogeny of U crit exist also swam in most cases at between 10 and 20 BL s -1 throughout their larval development. At one extreme, larger larvae of the 2 pomacentrid species swam somewhat faster than this, reaching speeds of about 30 BL s -1 (Fig. 3) , whereas at the other extreme, larvae of a sciaenid swam at just under 10 BL s -1 at all but the largest sizes (Fisher et al. 2000 . Similar to the species we studied, these other species had an approximately linear increase in swimming speed with the increase in size, with one apparent exception: a pomacentrid Pomacentrus amboinensis seemed to have an allometric 2-phased increase in swimming ability, with little increase in speed until larvae reached about 8 mm SL, after which speed increased markedly (Fisher et al. 2000) .
In contrast, the within-species increase in U crit between the smallest larvae and those at settlement stage differed markedly among species, principally due to among-species differences in the rate of increase of U crit with increase in size and differences in size at settlement. In the species for which the smallest studied larvae were 4 to 5 mm SL, the increase in speed by settlement stage was 6-fold for Leiognathus equulus and 100-fold for Epinephelus coioides. For species in which the smallest larvae were 5 to 6 mm SL, the increase in speed was 5-to 6-fold for Chanos chanos and Eleutheronema tetradactulm, but 10-fold for Lutjanus malabaricus. This is a further indication of the substantial differences among species in the ontogeny of swimming abilities.
Although the majority of tropical, demersal teleost fish families spawn pelagic eggs (Leis 1991) , many families that do not spawn pelagic eggs (e.g. Apogonidae, Blenniidae, Gobiidae, Pomacentridae) are very speciose (Nelson 2006) . Therefore, both spawning modes are well represented. In both spawning groups, morphological developmental events relevant to swimming, such as notochord flexion and concomitant formation of the caudal fin, tend to occur at about the same size (Leis & Carson-Ewart 2004) ; the main developmental difference between groups is simply size at hatching. Larvae hatching from non-pelagic eggs tend to be larger, and therefore, more developed than those from pelagic eggs (Thresher 1984 , Moser 1996 , Leis & Carson-Ewart 2004 , and as a result, they may be better swimmers initially. There were, however, no consistent differences in the ontogeny of swimming ability between these 2 groups (Fig. 3) . Three of the species represented in Fig. 3 hatch from non-pelagic eggs: the 2 pomacentrids, Pomacentrus amboinensis and Amphiprion melanopus, and the apogonid, Sphaeramia nematoptera. Two of these species had linear increases in speed with increase in size, whereas the third did not (Fisher et al. 2000) ; the apogonid was among the slowest species studied and had the slowest rate of increase in speed, whereas the later stages of the 2 pomacentrids were among the fastest larvae on a per size basis and had high rates of increase in swimming speed. Due to the differences in size and development at hatching, it might be expected that any difference in swimming ability between the 2 spawning groups would be most obvious at smaller sizes, but this was not the case (Fig. 3) . Small and mid-size larvae from non-pelagic eggs swam at speeds similar to similarsize larvae from pelagic eggs. Despite this lack of sizerelated difference in swimming performance between the 2 groups, there may be age-related (i.e. days after hatch) differences in swimming performance between the 2 groups. This question is difficult to address with reared larvae because growth rates and variations thereof are unlikely to be the same as those in wild larvae.
The available data indicate that a one-size-fits-all model of fish swimming ontogeny is not a realistic expectation. Although a linear model of increase in speed over the size range studied was appropriate for our 9 test species, the previously studied species with the highest relative speed (a pomacentrid, Fig. 3 ) had a different size:speed relationship. Even for the species with linear relationships between swimming speed and size, the 2 critical factors in the relationships differed; both the rate of increase of speed with increase in size and the actual speeds attained differed among species (as did length-specific speed). Closely related species did, however, have similar speed:size relationships. Finally, there are reasons to expect that larvae of cool-water and cold-water species will not have swimming abilities or size:speed relationships similar to those of tropical species (Leis 2007) , but so few U crit data are available for cooler-water taxa that this expectation cannot be tested at present.
In conclusion, we provide for the first time information on the ontogeny of swimming performance in the larvae of medium to large species (and families) of tropical marine fishes that hatch from pelagic eggs; most are of major commercial importance. Early in their development, larvae of these species are able to swim strongly and attain speeds that place them outside of the inefficient viscous hydrodynamic environment. Such speeds are able to influence their dispersal outcomes. Speeds of 10 to 20 BL s -1 were typical, and some were as high as 64 cm s -1
. Size was a better predictor of swimming performance than was age. Swimming speeds increased at species-specific linear rates of 1.3 to 2.6 cm s -1 for each 1 mm increase in size. The fastest individuals were considerably faster than average, and this may be important for biophysical dispersal models. This swimming performance can now be taken into account in numerical, biophysical dispersal models and other applications that require information on the development of swimming ability in fish larvae. ) at 1 mm increments of standard length (SL). Species represented by symbols of the same shape are in the same family. Dashed lines connect values across intervening size increments for which data are lacking. Note that for Ep. malabaricus, U crit data were available for only 4 size increments: 3-4, 5-6, 24-25 and 25-26 mm SL
